The generation of coherent electromagnetic radiation by the interaction of a relativistic electron beam with a static helical magnetic field is investigated using one-and two-dimensional relativistic electromagnetic plasma simulation codes. In the one-dimensional simulations, we observed the coupling between the negative energy beam mode and the positive energy electromagnetic wave. Substantial growth rate (w, -0.1 w ) of the unstable elec-I Pe tromagnetic wave has been observed and efficiency of radiation production is found to be between 25-30% depending on various parameters. In the two-dimensional simulations, we observed a decrease in the growth rate, but increased efficiency due to the decrease in the phase velocity of the unstable electrostatic wave. In addition, we also observed waves propagating at an angle with respect to the electron beam.
Introduction
In recent years, there has been considerable interest in the free electron laser which generates coherent electromagnetic radiation using relativistic electron beams interacting with a static helical magnetic field.
Due to the relativistic Doppler effect, the wavelength of the radiation generated by _2 the electron beam is roughly X0/2y where Ao is the wavelength of the helical magnetic field and y is the relativistic factor corresponding to the velocity of the electron beam. ' By varying the beam velocity and/or the wavelength of the helical magnetic field, one can make a laser which is continuously tunable throughout the entire electromagnetic spectrum. Such source of tunable coherent electromagnetic radiation is highly desirable for application to many areas, particularly in plasma heating and diagnostics, laser-pellet fusion, isotope separation, and for diagnostics in atomic, molecular and solid state physics. We used a one-space and three-velocity electromagnetic relativistic code to study the coupling between the negative energy beam mode and the electromagnetic wave through a static helical magnetic field. In Fig. 1 As the strong coupling between the pe electromagnetic wave and the slow beam mode develops, the electron beam is strongly bunched in the axial direction at T = 133 w 1 as shown in Fig. 3 . In one-dimensional simulations, all the waves propagate either parallel or antiparallel to the electron beam and, therefore, any instability which generates waves propagating at an angle with respect to the beam will be suppressed. In order to study the two-dimensional effects on the free electron laser, we have used a two-dimensional electromagnetic relativistic code, CCUBE,10 to simulate the coupling of electromagnetic radiation with the negative energy electrostatic beam mode through the static helical magnetic field in rectangular geometry. Preliminary study from our simulations seemed to indicate that there was another instability which generated waves with large k1. This instability developed somewhat earlier than the lasing process and saturated at relatively low level. However, the electron beam was seen bunched up in the perpendicular direction. This induced radial inhomogeniety could have significant effects on the lasing action of the free electron laser.
The configuration space of the electron beam in one of our simulations with y = 2.0, w = 0.7 wp and k0c = 1.257 wp is shown in Fig. 3 At the time of saturation, 28% of the beam energy was converted into radiation. The z-component of the Poynting vector is also shown in Fig. 5 which indicates a rapid increase of energy flow of electromagnetic field in the axial direction during the course of the instability. Since the simulation also showed that the energy flows in the other directions are much smaller in comparison to the axial direction, we believe that the lasing phenomenon is primarily along the direction of electron beam propagation. In Fig. 6 , we show the time histories of the electric and the magnetic field at a fixed position as well as their Fourier transforms from which we can conclude that most of the field energy is concentrated at the unstable high frequency electromagnetic waves. This is in contrast with the onedimensional simulation in which the field energy was almost equally distributed among the high and low unstable electromagnetic waves. In Fig. 6 the most unstable electromagnetic wave has a frequency at 3.8 w whereas according to the one-dimensional pe6 theory, the frequency should be at 4.5 w . This pe downshift in frequency could be due to the aforenamed instability which had modulated the beam in its perpendicular direction. The decrease in frequency of the unstable waves caused downshift in the phase velocity of the unstable wave and, therefore, the electrons will lose more energy before it can be trapped by the wave. The net result is that the instability could saturate at a higher level than expected due to the decrease in frequency of the unstable waves.
Conclusions
In comparing the one-and two-dimensional simulations, we found that two-dimensional effects could be important in the operation of the free-electron laser. We have observed radial inhomogeniety of the electron beam caused by waves propagating with an angle with respect to the beam. We also observed a decrease in frequency of the unstable electromagnetic waves as well as an increase in the efficiency of radiation production due to the decrease of the phase velocity of the unstable electrostatic waves. However, in order to further understand the underlying physics, a two-dimensional theory of the free electron laser needs to be developed.
